Abstract-Hybrid electric propulsion has been identified as a potential solution to the ambitious environmental emissions and noise targets of the aerospace industry. Superconducting machines may be the key component of that topology enabling the high power densities and efficiencies needed in aerospace. Fully superconducting machines, however, are not a mature technology. This paper looks at the different machine design configurations focusing on the stator magnetic circuit of a fully superconducting motor. The motor has been designed for an aerospace distributed fan propulsion motor with an aerospace benchmark specification of 1 MW. The AC fully superconducting machine includes superconducting bulk magnets mounted on a conventional rotor core and an MgB 2 superconducting wire wound stator. The AC losses in the stator winding are particularly sensitive to exposure to the main rotor field so different screening solutions were used to shield the superconducting windings from the rotor field. The effectiveness of the screening techniques for the stator coils and the impact on the machine performance and weight were evaluated for different stator designs, such as full stator core and air core with and without flux diverters. Various combinations of pole numbers, diverter geometries, and magnetic materials have been checked. Results show that there is a tradeoff between stator iron losses and superconducting losses.
such as the hybrid wing body [1] , [2] . Whilst conventional electrical power systems may be used for smaller aircraft, much larger aircraft are likely to require the use of superconducting electrical power systems to enable the required whole system power density and efficiency levels to be achieved. HEDP consists of distributed electric fan propulsion units connected to a number of generator/gas units through power management units. In these systems the gas-turbine is decoupled from propulsion units and studies have shown that this reduces emissions and noise [3] , [4] . A power dense and high efficiency superconducting motor is the key component of this promising architecture and the development of such a machine designed for aircraft propulsion systems would enable the hybrid electric aero-propulsion concept [5] , [6] .
Early superconducting machines were generally large synchronous generators using superconducting dc field windings [7] . However to meet the high efficiencies and power densities of aerospace, fully superconducting machines were considered. Fully superconducting machines offer higher electrical loadings than the partially superconducting machines. Another advantage is the reduced airgap which increases the magnetic loading as the stator armature and the rotor dc winding have similar temperatures. Different fully superconducting machine prototypes have been developed worldwide to demonstrate the feasibility of the concept. A fully superconducting machine for an electric vehicle [8] and an inductor type fully superconducting machine for ship propulsion [9] were built in Japan. A fully superconducting prototype with YBCO stator coils operating in liquid nitrogen bath was developed in Cambridge, UK [10] and a fully superconducting machine cooled by iron conduction was built in China [11] . Fully superconducting machines have also been proposed for offshore wind turbine applications [12] .
The major challenge of fully superconducting machines is the increased AC losses in the stator windings. AC losses are an important consideration because high losses in the superconducting stator windings could diminish the benefits of a fully superconducting design by requiring large cooling systems. AC losses in superconducting coils or tapes have been studied mainly in small samples or coils [13] , [14] . Flux diverters have also been examined to reduce the overall losses but most of the studies have focused on transport applications [15] , [16] or sinusoidal external fields [17] . That is not the case in a machine environment where the field seen by the stator conductors cannot be considered as purely alternating.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. motor. The machine performance in terms of weight and efficiency was evaluated for the different stator designs.
II. SUPERCONDUCTING MACHINE DESIGN
A suitable benchmark motor specification has been chosen for a distributed electric fan motor for a short-haul aircraft. These commonly have a gearbox so that a high-speed motor can be used to reduce weight and improve the power density. The fan motor is assumed here to have an output power of 1 MW with a maximum speed of 12,000 rpm. The design guidelines for a permanent-magnet (PM) machine were initially used to meet the specifications. Fig. 1 shows the basic dimensions of the motor which are given in Table I along with the basic design parameters. Similar to the AC PM machine, the superconducting machine will have 8-poles, which is typical for this type of machine. It is also assumed that a maximum phase voltage of 800 V rms is available. This voltage would currently be regarded as a little high (line-line volts > 1000 V) because of potential breakdown at altitude -however, it was chosen here to keep the current levels down. There are on-going studies looking at increasing electrical system voltage levels in aerospace applications.
The rotor design was not considered here. A detailed rotor design would determine the airgap and the geometry that ensure both the required magnetic loading and protection from demagnetization. The rotor was modelled using the same rotor model as a PM machine shown in Fig. 1 . Conventional PM blocks with unity recoil permeability were used. Only the 'equivalent' remanent flux density of the blocks was varied to represent the high fields produced by the superconducting bulks [10] , [18] or stacks of superconducting tapes [19] . The stator AC winding was modelled using Hyper Tech 0.36 mm mono-core round wire. Table II gives the specifications of the wire. This wire was originally designed for superconducting fault current limiters, so it has a simple high resistance steel sheath around the MgB 2 core. Although not ideally optimal for this particular application, it has previously demonstrated very good low-loss and consistent performance under AC excitation.
A remanent flux density of approximately 14 T would be required to provide the rated back-emf and rated output power with a non-magnetic stator. For this design the maximum external rotor field seen by the stator conductors was estimated at 1.37 T. The estimated peak critical current density for this external magnetic field and an assumed operating temperature of 20 K was 1.5 kA/mm 2 . The wire fill factor was 25% giving an estimated critical current for this wire of 38.2 A. The rated current for the machine is 140 A rms , so 9 strands of 0.36 mm MgB 2 wire were used with each strand operating at approximately 58% of the critical current. This would seem to be rather low but the machine was assumed to have an overload capacity of 50%, which would increase the operating current on overload to just under 90% of the critical current.
III. ESTIMATION OF AC SUPERCONDUCTING LOSSES
Two models were indirectly coupled to estimate the AC superconducting losses as shown in Fig. 2 . The first machine model uses uniform current density to calculate the field distribution, neglecting the superconducting properties. The stator current in the machine model is aligned with the q-axis of the rotor to achieve maximum torque. The tangential magnetic field at the boundary circle is then applied to the second superconducting wire model to obtain the current distribution and finally the superconducting losses [20] , [21] . Fig. 3 shows the tangential field around the boundary circle used to couple the two models for an outer layer coil of the air-cored stator.
The 2D FE superconducting wire model uses the Hformulation to simulate the cross section of the real arrangement of the superconducting coils [22] , [23] . The governing equation is:
where ρ, μ, and H are the resistivity, the permeability and the magnetic field, respectively.The sheath of the superconducting wire does not include any magnetic material so a constant permeability is used, μ = μ 0 . The resistivity of the sheath is constant whereas for the MgB 2 the non-linear power law was used: ρ sc = (E 0 /J c )(J/J c ) n −1 . Generally, J c varies with temperature and magnetic field; however a constant critical current model was used to reduce the simulation time. The sheath resistivity, the constant critical current density and the values of E 0 and n are given in Table II. The superconductor wire losses can be attributed to several factors: hysteretic losses in the MgB 2 ; eddy current losses in the sheath material; coupling losses between the strands of MgB 2 and proximity losses which are a redistribution of the eddy currents caused by the proximity of different current-carrying conductors. The eddy current losses in the sheath are negligible due to the high resistivity of the stainless steel. Transposition is assumed to eliminate the coupling losses. Each strand carries the same current even if the strands are connected at the coil ends. Fig. 4 shows the current density distribution for an outerlayer coil of the air-cored stator. The proximity losses can be neglected for an air-cored stator as the major loss factor is the magnetization losses in the superconductors due to the exposure from the main rotor field. Fig. 4 shows the eddy currents produced inside each superconducting strand by the external rotating magnetic field. These eddy currents are responsible for the significant increase in the losses compared to the self-field transport losses. 
IV. DIFFERENT MACHINE DESIGNS

A. Flux Diverter Design
To reduce the field seen by the superconducting coils a Cshape flux diverter was initially proposed and tested. A flux diverter was placed around the two coils of each slot with the open side towards the rotor, as shown in Fig. 5 . This design allows the flux to pass around the coils and at the same time reduces the flux passing through the superconducting coils. In order to assess the different designs the magnetic loading was assumed to be constant. The first harmonic therefore of the magnetic flux density in the airgap was maintained at 1 T by changing the remanent flux density of the superconducting rotor magnets. A magnetic loading of 1 T is common in conventional PM machines but for a non-magnetic stator this value would only be achievable with strong superconducting magnets. The electric loading was also kept the same for all the different designs by setting the rated value of 140 A rms in each coil.
The criteria used to assess the diverter performance and generally the stator design were the screening effectiveness, the iron losses and the added weight. The screening effectiveness was determined by calculating the average flux density inside the two coils of one slot for each rotor position during one electrical cycle. This value was compared with the corresponding one for an air-core stator with no flux diverters. Cobalt iron electrical steel Vacoflux50 from Vacuumschmelze GmbH was chosen for the flux diverters because of its high saturation flux density. Initially, thin diverters 2 mm thick were selected to avoid increasing the weight. This value was later doubled to assess the effect of diverter thickness on the machine performance.
B. Pole Number Assessment-Four Pole Design
Another way to reduce the superconducting losses is to reduce the frequency. This reduces both hysteresis losses in the superconducting coils and iron losses in the diverters. The frequency and pole number were reduced by half to maintain the high speed and power density. The geometry, the slot number and the current in each coil are the same as the 8-pole designs. To enable direct comparison of the designs, the magnetic loading was kept the same. The 4-pole air-core design requires higherfield superconducting magnets compared to the 8-pole air-core design because of the longer flux paths through the air, as shown in Fig. 6 . The flux diverter performance was then tested in the 4-pole design. Table III gives the superconducting losses in each layer of a slot for one electrical cycle. It is assumed that each slot has the same losses so the total armature losses are the sum of the slot losses multiplied by the slot number and the active length. The end-winding losses are not included because the calculation of the field around the end windings would require a Key: AC-Air core, FD-Flux diverter (2mm), TFD-Thick flux diverter (4mm), MS-magnetic stator, the subscript is the pole number, St-Stator active length. 1 All the designs have 1 T magnetic loading and the same electrical loading. 2 This is defined as the armature superconducting losses in the cryogenic system as a percentage of the machine output power [6] .
V. RESULTS
full 3D machine model. The end winding conductors would not be exposed to full rotor field so it is thought that the losses would be closer to the self-field losses. A more accurate estimation of the superconducting losses would require the calculation of the losses in each slot of a pole pitch due to the different phase angle of the field with respect to the coil current. Analytical models have shown that the losses are maximised when the current and magnetic field are in phase for low external magnetic fields with H 0 << I c /(2aπ) for 2a width strip [24] ; however for higher external magnetic fields the losses are maximized at intermediate phase angles [14] , [25] . The inner layer coil which is closer to the rotor has higher superconducting losses compared to the outer layer coil for all the designs because it is exposed to higher external fields. If the thickness of the flux diverters is increased, the losses are reduced, however the full magnetic stator has the lowest superconducting losses because the coils are not exposed to the full rotor field. Table IV summarizes the performance figures for the different machine designs. The different magnetic circuit of each stator design would affect the rotor design and weight. Nevertheless, at this stage the rotor was kept the same for all the designs and only the remanent flux density of the magnets was changed. On one hand, as the volume of the iron is increased in the machine, the more effective the screening becomes and the lower the superconducting losses are. On the other hand, because of the extra mass, the added iron reduces the power density significantly. Direct comparison is possible here because the magnetic and electric loadings are the same for all the designs. In the 4-pole designs, higher-field superconducting magnets are needed compared to the 8-pole designs represented by the higher remanent flux densities in Table IV . The frequency is halved in the 4-pole designs compared to the 8-pole designs. The 4-pole designs however produce higher superconducting losses because of the high fields at the coils.
For the 8-pole machine, the air-core design has a similar stator efficiency with the full magnetic stator design because the added iron losses are equal to the reduction of the superconducting losses due to screening. It should be noted however, that the superconducting losses are generated at 20 K so an air-core design, although very light, would impose a significant load on the cryocoolers. For an iron-cored machine however, the iron could be operated at room temperature but that would cause very high temperature gradients across the insulation between the coils and the iron. The flux diverters reduce the superconducting losses compared to the air-core design without adding significant weight independently of the pole number. However, the reduction is not significant and the superconducting losses remain prohibitive for the low operating temperature. Another problem with the flux diverter designs is the high torque ripple produced because of the non-uniform magnetic circuit (cogging torques). Different magnetic materials, for example soft magnetic composites (SMC), were also explored to reduce the weight of the diverters, but with no advantage. In these materials, the permeability drops quickly deteriorating the screening performance. The only design with manageable superconducting losses for the cryocoolers is the full magnetic stator design, which has a 'cold inefficiency' figure lower than 0.05% as indicated in [6, Table III ]. The coefficient of performance (CoP) is 1.46% assuming the cryocooler CoP is 15% of the CoP for the ideal Carnot cycle and the ambient temperature at high altitude is 225 K [6] , [12] . So a motor dedicated cryocooler would require 28 kW at 225 K to remove the stator superconducting losses and the total stator efficiency would drop to 97%. However, in order to increase the cryocooler efficiency and reduce the weight a centralized system with large cryocoolers and a liquid methane cryo-tank may be used [6] . Although the magnetic stator design has the lowest MgB 2 losses, it suffers from high iron losses and weight. Further research on superconducting materials and/or winding techniques that reduce the sensitivity of the AC losses to external fields is required to enable a fully superconducting machine concept for hybrid electric aero-propulsion.
VI. CONCLUSION
This paper looks at the design feasibility of the stator of a fully superconducting motor for an aerospace distributed fan motor. The selected fan motor was assumed to have an output power of 1 MW with a maximum speed of 12,000 rpm. The AC superconducting machine used superconducting bulk magnets mounted on the rotor and a round MgB 2 superconducting wire for the stator winding. The paper demonstrates a way of coupling the machine model with the superconducting wire model. This model is based on the real arrangement of the superconducting strands. The superconducting losses were calculated for different stator designs such as a full stator core and an air core with and without flux diverters. The effect of pole number and diverter thickness was examined as well. The results showed that there is a trade-off between added iron losses and the superconducting losses.
